INTRODUCTION Motivation
The Greater Area of Munich is in the process of establishing a coordinated approach towards multi-modal, urban and interurban transportation management. Following the development and testing of several of the basic transportation management components, under the umbrella of previous R&D projects (Munich-COMFORT, TABASCO), system integration is entering the operational phase. The MOBINET transportation management and information system (MOBINET (1)), builds upon a hierarchical architecture, composed of spatially distributed local control systems responsible for management of subareas of the city and motorway ring network, and of a central component, with the task of multi-modal information pooling, traffic modelling and networkwide supervision, and value-added information broadcasting.
Based on technical and institutional constraints, strategies are being developed for the integrated operation of the subnetworks. One of such strategies involves the development of improved responses to the occurrence of incidents that make intelligent use of validated existing techniques.
Network Monitor (NEMO)
A network modelling algorithm, called NEMO (NEtwork Monitor, Hoops et al. (2) ) was developed for the estimation of a network-wide time-varying OD matrix and a macroscopic pathbased traffic assignment. NEMO is currently running in the regional traffic control centre in Munich. It attempts to match current traffic conditions on the network, based on a reference OD matrix and on real-time traffic flows and speeds measurements, collected from a system of detectors in the city and motorway network surrounding the city. An improved, dynamic version of the network monitoring algorithm will be developed and connected to a central knowledgebased event manager. The event manager will provide information collected from several sources, through the MOBINET multi-institutional region-wide information network. The network monitor will process data describing weather conditions, planned special events and roadworks, and the occurrence of incidents and will perform an updated analysis of current traffic conditions, for improved traffic management and control.
Autobahn Regulating Algorithm (AURA)
Concurrently, an algorithm for motorway dynamic traffic routing (DTR), based on the Optimal Control theory, was developed and evaluated, for a subnetwork in the north of the city of Munich (Poschinger et al (3) ).
Early applications of optimal control theory to motorway traffic control involved the use of static models of traffic parameters such as flow and speed or travel time (Papageorgiou, (4) ). A further step was the optimization of objective functions based on traffic models, by using control algorithms able to determine suitable settings for the control means, such as Dynamic Message Signs (DMS) and Ramp meters. The accuracy of such an approach is highly dependent of the accuracy of the traffic models adopted. Other approaches involved the implementation of a feedback controller loop with static reference values, that avoids the online optimization of objective functions, with the aim to reduce the modelling errors in the prognosis process.
A further approach to DTR involves the introduction of dynamic reference values for traffic parameters on alternative routes to a given destination. Such a methodology allows one to consider time varying demand patterns and changing traffic conditions. Initially, dynamic reference values were introduced only for the "secondary effects" of the control algorithm, such as travel time and queue length resulting from the application of control techniques. A further refinement (3) involves the incorporation within the controlling algorithm of reference values for variables that are directly affected by control techniques, the so-called "primary effects", such as the amount of traffic flow which is dynamically diverted. Under certain conditions, such an approach allows one to substitute critical steps, such as the estimation of compliance rates to diversion signs, with the more direct measurement of diversion rates. This approach is described in Section 2.
Integrated Strategy
The assessment of the existing systems led to the conception of a new integrated incident response strategy that would take full advantage of their qualities and reduce their shortcomings. Such strategy involves the integration of NEMO's network modelling and traffic assignment algorithms with AURA's control-based techniques for the selection of suitable DMS settings.
After the detection and confirmation of an incident, based on the currently estimated OD matrix and using information on the estimated capacity reduction coming from the event manager, the network monitor will compute a new User Equilibrium (UE) assignment that takes into account the reduced network capacity. The result of the assignment is used as a target traffic distribution (representing an "ideal" traffic response to the occurrence of the incident), to be used by the traffic routing module. This paper describes the process and initial simulation studies that demonstrate the effectiveness of the approach for a hybrid motorway-arterial network.
METHODOLOGY The network modelling algorithm
Based on data received from a system of loop detectors (link volume, occupancy and speed) at 15-minute time intervals, NEMO performs an ODmatrix estimation and a static traffic assignment, for an area comprising the city and the surrounding motorway network (for a total of over 34,000 links). The OD estimation and assignment processes are based on an informationminimising approach (similar to an entropymaximisation approach) introduced by Van Zuylen (5) . At every time interval, vehicular trips are distributed between zones so as to match the structure of the given reference matrix and the link flows measured by the detectors.
The modified Van Zuylen algorithm is an iterative process for the solution of the following multiproportional problem:
is the trip matrix (to be estimated): number of trips from zone i to zone j [t ij ] is the reference trip matrix: number of trips from zone i to zone j [p ij a ] is the link/OD-pair incidence matrix: it represents the portion of trips from origin i to destination j that use link a, and X a is a correction factor that adjusts the estimated flow on a link to the measured volume and
In every iteration a "more refined" trip matrix is determined, and trips are assigned to the network using a standard incremental assignment procedure.
The modelling of traffic parameters across the network takes into account supply restrictions, such as the current timing plans at signalised intersection and the capacity of network links. The Kimber and Hollis (6) Figure 1 : the general scheme of the rerouting system.
The general scheme of the rerouting system, described in Figure 1 can be summarised as follows: the observer module, which consists of a Kalman filtered macroscopic model on the motorway section and a Marcovian queuing model on urban intersections uses loop data (speed and volume) for a reconstruction of the traffic states. The output from the observer consists of routebased travel times and link-based traffic flows. A rerouting algorithm calculates a dynamic reference value for the traffic flow to be rerouted. The rerouting controller determines a control plan based on a comparison between the observed traffic and the dynamic reference value.
Rerouting algorithm. When the estimated travel time on the main route is higher than that on the alternative route the dynamic reference value q 1s for traffic flow on main route is calculated by:
where: q 1s is the traffic flow on the main route (dynamic reference value) tr i is the travel time on route i K is a control gain z 1 is the balanced demand for main route (see below) D is a weighting factor
In general terms, the higher the travel time on main route, the higher the number of vehicles that should be diverted to an alternative route. The above formula represents a proportional controller for travel time. The balanced demand for the main route is calculated by:
is the traffic flow leaving the main route q 1i
is the traffic flow entering the main route
The balanced demand yields a portion of the traffic flow to be rerouted, so that, under static conditions, the travel time on the main route remains constant.
The re-routing controller. The selection of a suitable control plan (a DMS message) from a predefined list is based on a static ordering of the list according to its expected diversion effect on traffic, and of a dynamic feedback integral controller that monitors the effects of the implemented control. It is assumed that, if N different control plans d i are available, they can be ordered according to the expected value of their diversion effect: In other words, whenever the difference between the measured flow and its dynamic reference value is higher than a given threshold (50 veh/h), the next destination plan is chosen in accordance with the sign of the error. Discussion. The above described control algorithm, that uses a balanced demand for the main route has been successfully applied to motorway networks. However, under incident conditions, the road capacity and thus the performance characteristics of the affected links change drastically. A simulation-based evaluation of the algorithm, performed on a subset of the motorway network in the Greater Munich Area has shown that the step-wise selection of increasingly effective control plans may have a slow reaction to the occurrence of incidents.
The Integrated Approach
The proposed integrated approach attempts to combine AURA's measurement-driven control algorithm with NEMO's modelling capability as well as available knowledge-based information, for those cases requiring a quick response to sudden variations in traffic characteristics, such as after the occurrence of an incident.
The approach is structured as follows:
• Every 15 minutes, OD estimation and traffic assignment are performed for a dynamic monitoring of current conditions. The assignment is a basic precondition for the analysis of incident impacts and the formulation of diversion strategies. The traffic flow assigned to main route is treated by AURA as the balanced demand:
NEMO in q n z 1 1 ) ( = • Whenever the occurrence of an incident is detected, through the fusion of the available data sources, its impact on travel times and queues is estimated, using both information from the operator and the currently estimated traffic distribution. The estimation of an ODoriented traffic distribution is essential to determine not only the capacity/demand unbalance at the congested location, but also the portion of traffic flow that can potentially be diverted, given the limited availability of DMS and overall capacity levels on the network.
• NEMO performs a new traffic assignment based the new capacity levels, to determine a target traffic distribution. The results are used again to calculate the balanced demand and to select an initial control plan, using assumed compliance rates in order to improve the control algorithm's reaction time. After a number of control cycles (five, in this study) AURA computes a new required control plan, in order to correct potential errors that may result from erroneous assumptions on compliance rates.
A basic assumption for the modelling of the effects of incidents is that the demand distribution among zones is not affected by the resulting capacity reduction. In other words, the assignment procedure performed by NEMO uses the OD matrix that was estimated prior to the occurrence of the incident. Such an approach is justifiable in situations in which the travellers' trip distribution or their modal choice can neither be influenced nor properly measured.
VALIDATION
In this study only the integration of the models (control model) was validated, since the single components were validated in prior works (Poschinger (7)).
The main goal of the analysis is to estimate the improvements in network performance that can be achieved by providing the DTR algorithm with a reference value that corresponds to a traffic flow for the main route targeted to reach a UE distribution between the main and the alternative route.
For the validation of the control model, the microscopic traffic simulator AIMSUN2 (Barceló and Ferrer (8)) was used. AIMSUN2 was calibrated for the subnetwork, using previously collected flow and speed measurements and the signal timing plans implemented by the city TOC. The OD matrix resulted from a daily OD matrix adapted to fit the morning peak.
The Simulated Network
The study involves a 12x8 km 2 network at the fringe of the city of Munich, composed of a motorway section approaching the city (A8), a section of the motorway outer ring (A99) and several radial arterials that connect the outer ring with the inner city ring, as shown in Figure 2 . A system of both static and dynamic message signs direct travellers coming from the motorway A8 towards the city inner ring either through the main route (A8 and Verdistrasse) or the alternative route (A99 and the state road B304).
Scenarios
Four different 2-hour scenarios, under different control conditions were simulated, for a comparison of the network performance
• The first scenario is used as a base case, to assess the network performance under normal conditions, i.e. with no incident and no external control scheme.
Figure 2 Simulated Network
The next three scenarios include the occurrence and evolution of an incident. The incident is injected on a section of the A8, as shown in Figure 2 . Upstream of that section a DMS is available to provide drivers with route information to reach the city. As a result of the capacity reduction (1.5 lanes closed in a 2-lane motorway, for the duration of 1 hour) congestion develops on the main route to the city, which is composed of both motorway and arterial sections.
• In the second scenario, no traffic diversion is activated. It is assumed that vehicles do not receive external information.
• In the third scenario, only AURA's diversion scheme is activated. In this and the following scenario, a compliance rate to DMS messages of 30% was assumed.
• In the fourth scenario, the integrated control approach is used.
Simulation results
The table below shows the results of the simulation in the three cases under analysis.
In the following discussion, unless otherwise specified, "travel time" will mean average travel time (through the whole simulation period) 1 . In the base scenario, travel times on the main and alternative routes are very close, thus UE conditions are verified.
In the second scenario (incident and no diversion), the travel time on the main route increases, as expected, from 18 to over 25 minutes. The difference in travel times between the main and the alternative route is now 7.73 minutes.
In the third scenario (using AURA), travel time on main route reduces by almost 3 minutes (-11.7% with respect to the no-control case). The difference between travel time on the main route and the alternative route is now reduced to 4.53 minutes.
Using the AURA-NEMO integrated approach, travel time on the main route is reduced by a further 2.2 minutes (-20.3% with respect to the nocontrol case). The difference in travel time between the main and the alternative route is now reduced to 1.6 minute, which corresponds to 8% of the main route travel time. This scenario is much closer to a UE condition.
Despite the high capacity reduction caused by the incident (75% of section capacity for one hour), the occurrence of the incident increases the network average travel time of only about 3%. This can probably be explained by the relatively high network load in zones not directly affected by the incident. Nonetheless, the integrated approach, beside reaching a traffic distribution closer to UE, also reduces the average travel time of about 1.5%, which corroborates the goodness of the approach.
The observed results can be explained as follows. The use of an external reference value, resulting from NEMO's UE assignment provides, in signalized networks, a more stable balanced demand. Furthermore, the selection of a control plan based on such reference value, in response to an incident, determines an initial response that is sharper than the one that would be obtained by the re-routing controller.
CONCLUSION AND FURTHER RESEARCH
This paper describes a new approach to DTR in response to incidents, based on the integration of a real-time UE assignment algorithm and a control-based routing algorithm, for hybrid motorway and arterial networks. Initial simulation results demonstrate the ability of the approach to determine a quasi-UE traffic distribution among two alternative routes to a given destination.
Additional tests are required to correctly assess the algorithm's effectiveness, prior to its implementation. Several issues have yet to be analysed: how well is the approach going to work with a more complex system of DMS? Can multiple destinations be handled as well? What is the required detector coverage of the network? How sensible is the algorithm's performance to detector availability?
